Two prostaglandins, PGA 2 and PGB 2 , were isolated from the Okinawan zoanthid, Palythoa kochii, during a search for paclitaxel-like neurite-degenerating compounds from natural sources using a cell-based assay method. In the presence of PGA 2 at 30 M, the neuronal processes induced in PC12 cells by the nerve growth factor (NGF) degenerated over 24 h, whereas PGB 2 had no effect on the neuronal processes of PC12 cells. This activity of PGA 2 was similar to that of the microtubulestabilizing agents, paclitaxel (Taxol Ò ) and epothilone A, unlike the microtubule-depolymerizing agent, colchicine, which brought about quick neurite degeneration within 3 h. PGA 2 stimulated tubulin polymerization, although less potently than paclitaxel. An examination of structure-activity relationships across several PGs suggests that the cyclopentenone ring structure and the orientation of its dipolar moment played an important role in the paclitaxel-like neurite-degenerating activity. These results suggest that the cyclopentenone-type PGs can interact with microtubules to inhibit their function like paclitaxel.
Cell division is dependent on the dynamic instability of microtubules [1] [2] [3] that play a key role during the course of mitosis. The cancer chemotherapeutic agents that target microtubules shift the equilibrium between microtubules and tubulins to lead to cell death. Paclitaxel (Taxol Ò ) is best known for stabilizing microtubules by shifting the equilibrium to the polymerized form, [4] [5] [6] [7] [8] [9] whereas vinca alkaloids and colchicine induce depolymerization of a microtubule to tubulin. [10] [11] [12] Both types of agents are currently used therapeutically for the treatment of solid tumors of breast, ovary, and lung carcinomas, 13) suggesting that microtubule inhibitors are good candidates for cancer chemotherapy. A cell-based assay to screen such inhibitors has been proposed by Kohno et al., 14, 15) who used a combination of the rat pheochromocytoma cell line, PC12, and nerve growth factor (NGF) that induces neurite extension in the cells. 16) Since such NGF-mediated neurite extension is dependent on the growth of microtubules by tubulin polymerization, the NGF-PC12 cell system could provide a useful model for screening tubulin-associated anticancer agents such as paclitaxel. We applied the NGF-PC12 cell system to another microtubule stabilizer, epothilone A, [17] [18] [19] to expand the versatility of this system. We then also applied it to screening marine organism extracts, resulting in the isolation of prostaglandin A 2 (PGA 2 ) as an active compound from the Okinawan zoanthid, Palythoa kochii. PGB 2 was also isolated as an inactive PG. We report here the isolation of PGs from P. kochii, their structural identification, and their paclitaxel-like neurite-degeneration activity and microtubule-stabilizing activity in comparison with other PGs.
Materials and Methods
Materials. Epothilone A was provided by Ajinomoto Co. (Kawasaki, Japan). PGJ 2 , PGB 2 , PGE 2 , PGH 2 , and PGF 2 were purchased from Cayman Chemical Co. (Michigan, USA). PGH 2 was dissolved in ethanol, and the other compounds in DMSO, and 10 ml of the solution in various concentrations was applied in the assay. Nerve growth factor (rh-NGF) obtained from Funakoshi Chemicals Co. (Tokyo, Japan) was dissolved in phosphate-buffered saline (PBS: 4 g of NaCl, 0.1 g of KCl, 0.575 g of Na 2 HPO 4 , and 0.01 g of KH 2 PO 4 in 500 ml of Mili Q water), and 5-ng/ml solutions were stored in a freezer at À85 C. A tubulin polymerization assay kit (cytoDYNAMIX Screen 01) was purchased from Cytoskeleton (Denver, USA).
Identification of the marine animal. The specimen of the marine zoanthid, Palythoa kochii (Haddon et Shackleton), was identified by Dr. Hiro'omi Uchida at Sabiura Marine Park Research Station, Japan, and deposited as specimen number 020712A in our laboratory at the Graduate School of Bioagricultural Sciences, Nagoya University, Japan.
y To whom correspondence should be addressed. Fax: +81-52-789-4284; E-mail: ojika@agr.nagoya-u.ac.jp Isolation of PGA 2 and PGB 2 from P. kochii. The specimens of P. kochii were collected by SCUBA from a coral-reef in the Chatan area of Okinawa, Japan, and kept at À10 C until their use. The animals (6.4 kg, wet wt.) were homogenized in MeOH (14-liter) and stood at room temperature for 5 days with occasional mixing. The mixture was filtered, and the resulting filtrate was concentrated under reduced pressure. The resulting oily extract (204 g) was dissolved in water (600 ml), and the aqueous solution was extracted three times with EtOAc (500 ml each). The combined EtOAc layers were concentrated to give an EtOAc-soluble material (13.2 g) which was chromatographed on silica gel (Wakogel Cell culture. PC12 cells were purchased from the RIKEN cell bank (Tsukuba, Japan). The frozen cells were rapidly thawed at 37 C, and 2 Â 10 5 cells were transferred into a dish (100 mm) containing 10 ml of the culture medium (CM) [50 ml of fetal bovine serum (Cosmo Bio Co., Tokyo, Japan), 25 ml of horse serum donor herd (Invitrogen Corp., CA, USA), and 425 ml of an essential medium (EM, ICN Biomedicals, OH, USA)] that had been prewarmed at 37 C in a CO 2 incubator MCO-96 (Sanyo Electric Co., Osaka, Japan) under a humidified atmosphere of 5% CO 2 . The EM medium was prepared by dissolving 6.4 g of minimum essential modified Eagle's medium (MEME, ICN Biomedicals, OH, USA) in 950.7 ml of Mili Q water, treating the resulting solution with an aqueous solution of 7.5% NaHCO 3 (49.3 ml), adjusting to pH 7.0-7.1 with 1 N HCl, sterilizing by passing through a filter (cellulose acetate, 0.20 mm; ToyoRoshi Kaisha, Tokyo, Japan), and treating with 10 ml of a penicillin-streptomycin mixture (5,000 units/ml of penicillin G sodium and 5,000 mg/ml of streptomycin sulfate in 0.85% saline; Invitrogen Corp., CA, USA).
NGF-PC12 cell assay. The paclitaxel-like neuritedegeneration activity against PC12 cells was evaluated according to the methods described previously.
14) The experimental procedure consisted of two steps: (1) concomitant addition of NGF and a test sample to detect the inhibition of NGF-mediated neurite extension in PC12 cells, and (2) preformation of the neuronal process by the NGF treatment and subsequent the addition of an active sample screened in the first step to detect the neurite-degeneration activity. Twenty-thousand cells in CM (1 ml) were placed in each well of a 24-well microplate and cultured for 24 h. In assay step 1, CM was replaced with 1 ml of EM containing NGF (40 ng/ ml) and a test sample (1% DMSO or 1% ethanol, final concentration) at various concentrations, and the cells were cultured for 48 h. The morphological change in the cells was monitored under a phase-contrast microscope, and the percentages of neurite-bearing cells in 80-100 cells from three chosen areas were calculated. In assay step 2, CM was replaced with 1 ml of EM containing NGF (40 ng/ml), and the cells were cultured for 48 h to induce the neuronal process. A test sample that was positive in assay step 1 was added, and the morphological change in the cells was observed 3 h and 24 h after adding the sample.
Cytotoxicity assay. The cytotoxicity of a compound against PC12 cells was assessed by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, ten thousand cells in 0.05 ml of the EM medium were placed in each well of a 96-well microplate and incubated for 24 h with a test sample, before being treated with 10 ml of an MTT solution in PBS (5 mg/ml) for 4 h. The cells were then lysed with 0.04 N HCl in isopropyl alcohol, and the absorbance was read at 570 nm with an Ultramark microplate imaging system (Bio-Rad Lab., CA, USA) to determine the cell viability. Each result is expressed as the median cytotoxic concentration (IC 50 value).
Tubulin polymerization assay. The assembly of purified bovine brain tubulin was monitored by using a cytoDYNAMIX Screen 01 kit (Cytoskeleton, Denver, USA) Ten microliter of a sample solution in DMSO (10Â concentration) was placed in each well of a 96-well assay plate, and the plate was kept at 37 C for 30 min. Lyophilized tubulin (3.6 mg) was dissolved in 1.8 ml of an ice-cold G-PEM buffer [80 mM NaPipes (pH 6.9), 2.0 mM MgCl 2 , 0.5 mM EGTA, and 1.0 mM GTP]. A portion (100 ml) of the tubulin solution was added to each sample solution, and the absorbance at 340 nm was measured kinetically at 37 C with a temperature-controlled microplate reader (Bio-Rad Lab., CA, USA).
Results

Neurite-degeneration activity of epothilone A
The NGF-PC12 cell system for detecting microtubule stabilizers had previously been demonstrated with paclitaxel. 14, 15) To expand the versatility of this system, we examined another microtubule stabilizer, epothilone A. [17] [18] [19] In control experiments, PC12 cells did not display any neurite extension in the absence of NGF (Fig. 1a) , whereas NGF at 40 ng/ml had induced neurite extension in approximately 60% of the cells after 48 h (Fig. 1b) . Epothilone A at 0.01 mM completely abolished this neurite-inducing activity of NGF (40 ng/ml) when added with NGF at the same time [assay step 1, Fig. 1d ]. This phenomenon was similar to that of paclitaxel at 0.01 mM (Fig. 1c) .
On the other hand, when epothilone A was added at 0.1 mM to PC12 cells that had been pretreated with NGF (40 ng/ml) to express a sufficient level of the neuronal process (60%) [assay step 2], the NGF-induced neurites slowly degenerated to the 3% level over 24 h, similar to the case with paclitaxel at 0.1 mM (Fig. 2) . Since the tubulin depolymerizing agent colchicine (1 mM) induced immediate disappearance of the preformed neuronal process within 3 h (Fig. 2) , it may thus be possible to distinguish between a microtubule stabilizer and tubulin depolymerizer, as reported previously.
14)
Isolation of PGA 2 and PGB 2 from P. kochii Approximately 80 extracts of marine organisms collected in Okinawa, Japan, were tested by the NGF-PC12 cell assay system. Thirty-four active samples were screened by assay step 1 and then subjected to assay step 2 to evaluate the paclitaxel-like neurite-degenerating activity. The EtOAc-soluble fraction of P. kochii PC12 cells were precultured in the presence of NGF (40 ng/ml) for 48 h, and then treated with a sample. The percentages of neurite cells in a total of 80-100 cells in three different areas were calculated.
control (1% DMSO), PGA 2 (30 mM), PGJ 2 (7 mM), paclitaxel (0.1 mM), epothilone A (0.1 mM), colchicine (1 mM).
showed potent activity in assay step 2, and was subjected to chromatographic separation to give PGA 2 (Fig. 3) . The compound was identified by spectroscopic methods involving NMR, MS and specific rotation for direct comparison with the data for a commercial sample of PGA 2 . Another PG was also isolated from an adjacent chromatographic fraction and identified as PGB 2 by a spectroscopic analysis, although it was inactive in the assay.
Paclitaxel-like neurite-degenerating activity of PGA 2 The inhibition by PGA 2 of NGF-mediated neurite extension in assay step 1 is shown in Fig. 1e . PGA 2 at 20 mM showed similar inhibition of neurite extension to that by paclitaxel. To evaluate the paclitaxel-like neurite-degeneration activity in assay step 2, PC12 cells were treated with PGA 2 (30 mM) after inducting a sufficient level of the neuronal process by being treated with NGF for 48 h. The NGF-induced neurites of PC12 cells slowly degenerated to the 10% level over 24 h, similar to the cases with paclitaxel and epothilone A at 0.1 mM (Fig. 2) .
Structure-activity relationship within PGs
To examine the effects of other PGs (Fig. 3) (Table 1) , certain concentrations of PGs were set for the NGF-PC12 cell assay. In assay step 1, PGE 2 (20 mM), PGF 2 (20 mM), and PGH 2 (20 mM) did not inhibit NGF-mediated neurite extension, whereas PGJ 2 (7 mM) markedly inhibited the neurite extension to 7% (Table 1 ). In assay step 2, the preformed neurites of PC12 cells were gradually degenerated to 14% over 24 h by PGJ 2 (7 mM) (Fig. 2) , like the cases with PGA 2 , paclitaxel, and epothilone A.
Effect of PGA 2 on tubulin polymerization in vitro
The microtubule-stabilizing agents, paclitaxel and epothilone A, are known to stimulate tubulin polymerization. Studies were undertaken to examine the effects of PGA 2 and PGJ 2 on tubulin polymerization. PGA 2 (100 mM) and PGJ 2 (10 mM) stimulated tubulin polymerization like paclitaxel and epothilone A at 3 mM (Fig. 4) , although being less active than these antitumor agents.
Discussion
The NGF-PC12 cell system has previously been applied to a limited number of compounds, and paclitaxel was the only example that was tested as a microtubule stabilizer. 14, 15) Our results using another microtubule stabilizer, epothilone A, provide supporting information for the versatility of this assay method, because both agents are potent antitumor substances with the same mode of action. The screening of marine animal extracts by this method led us to the first isolation of PGA 2 from the Okinawan zoanthid, P. kochii, as a paclitaxel-(or epothilone A-) like neuritedegenerating agent. Early reports have described the detection of a high content of PGA 2 and related derivatives in the gorgonian, Plexaura homomalla. [20] [21] [22] [23] The present results demonstrate another example of the detection of PGs from coelenterates as well as the novel biological activity of PGA 2 . Structure-activity relationships across several PGs demonstrated the neurite-degenerating activity of PGJ 2 > PGA 2 ) other PGs, suggesting that not only the presence of a cyclopentenone structure but also the orientation of the enone dipolar moment played an important role in the paclitaxel-like inhibitory activity of neurite extension in PC12 cells. These results suggest that PGA 2 and PGJ 2 can interact with tubulin to stimulate its polymerization and stabilize the resulting microtubule, like paclitaxel and epothilone A do. This effect was then demonstrated by an in vitro tubulin polymerization assay.
In conclusion, we found that PGA 2 isolated from a marine invertebrate induced degeneration of the NGFinduced neuronal processes in PC12 cells and also stimulated the polymerization of tubulin, like the microtubule-stabilizing antitumor agents, paclitaxel and epothilone A. This activity had a close relationship with the conjugated enone structure of PGA 2 . Further studies on the cellular mechanism are now underway. The polymerization was monitored at 340 nm at 37 C. PGA 2 (100 mM), PGJ 2 (10 mM), paclitaxel (3 mM), epothilone A (3 mM), Â control (9% DMSO).
